ABSTRACT We studied regional changes in ventilation and aerosol deposition after histamine challenge in six patients with asthma and two with rhinitis and a history of wheezing. All were known to have bronchial hyperreactivity and all showed an increased response to histamine. Ventilation and aerosol deposition studies, using xenon-133 and an aerosol of sulphur colloid tagged with technetium 99m, were performed while they were sitting. Before administration of histamine radioaerosol scintiscans were abnormal in five of six patients; after histamine challenge all were abnormal and central deposition was significantly greater in all of them. The decrease in aerosol penetration correlated with the percentage decrease in FEV,, indicating that the efficiency of aerodynamic filtration depends on the degree of airway narrowing. In six of the eight subjects the distribution of ventilation changed from predominantly basal to predominantly apical after histamine, which suggests the airways response was greater, at least initially, in the better ventilated regions. This indicates a close relationship between regional ventilation and the site of histamine deposition and has implications for the delivery of aerosolised agents in general.
Inhalation bronchial provocation tests are frequently used in the diagnosis of asthma' and the standardised histamine challenge test is said to provide a useful measure of bronchial hyperreactivity.2 Bronchial response is usually documented by change in ventilatory capacity or airways resistance, although a limitation of such tests is that they record an overall reduction in air flow or resistance and give no information about regional function. As the agents used for challenge tests are generally delivered to the bronchial tree as an aerosol, regional variations in airway calibre and ventilation are likely to be important in determining aerosol distribution and bronchial response. We therefore examined whether a histamine aerosol challenge had any effect on regional ventilation and aerosol deposition and whether this could be anticipated from a study of lung function before the challlenge.
Methods

SUBJECTS
Eight adults (two female) aged 27-57 years were selected because they were known to have increased bronchial responsiveness to inhaled histamine. Six were asthmatic, with a history of episodic wheezing and dyspnoea and a documented improvement in FEV, of greater than 20% spontaneously or after the use of bronchodilators. Two of the six (Nos 4 and 6) were cigarette smokers with a lifetime consumption of 6 and 20 pack years; patient 6 was having maintenance steroid treatment (prednisone 5 mg daily). The other two subjects (Nos 2 and 7) had allergic rhinitis and a history of mild wheezing. All participants gave written informed consent and the study was ('33Xe ) and technetiurp-99 m sulphur colloid aerosol (99mTcSC) respectively. Posterior images that included both lung fields were made by continuous recording from a gamma camera on line to a dedicated computer, which permitted subtraction of background radiation and residual radiation from previous studies. The lung fields were arbitrarily divided into zones in a standardised and reproducible fashion (fig 1) to assess regional activity.4
The radiation dose for the four studies for each subject was about 500 millirads (5 mGy) to the lungs and 5500 millirads (55 mGy) to the mucosa of the major airways. The ventilation and aerosol deposition studies were done immediately before and after histamine challenge to minimise effects due to spontaneous change in ventilation and aerosol deposition due to asthma. Initial deposition of aerosol particles in subjects with significant airways obstruction has alveolar and tracheobronchial components. The most practical method of separating alveolar from deadspace deposition is to repeat the imaging 24 hours later when the deadspace fraction will have been removed by the mucociliary escalator and coughing. Residual activity is then assumed to reflect alveolar deposition. This was not possible in the present Clague, Ahmad, Chamberlain, Morgan, Vinitski study since the studies that preceded and followed aerosol inhalation had to be carried out within a few minutes of each other, and this would have caused a superimposition of images from one study on those of the next. To overcome this and gain some estimate of the effect of histamine on airways, aerosol penetration was examined in concentric or radial planes (fig 1) . Since large airways predominate in the central zone, any reduction in peripheral penetration due to histamine will be reflected by higher central counts.
PROTOCOL
The sequence of procedures for each subject was as follows:
(1) assessment of ventilatory capacity; (2) xenon study of ventilation; (3) radioaerosol study; (4) histamine challenge; (5) repeat aerosol study; (6) repeat xenon study; (7) repeat assessment of ventilatory capacity. The time from the end of histamine challenge to completion of the repeat xenon study was about 15 minutes; but as only the first two minutes of the xenon washin curve were used all the measurements used in the calculations were made after six to seven minutes. were seen before histamine inhalation and in some subjects there were marked differences between the left and right lung (table 2). The regional distribution indices for ventilation are illustrated in fig 2. In six subjects the distribution of ventilation resembled that found previously in normal subjects,4 with ventilation at the lung base exceeding that at the apex. There was, however, a much wider variation than normal, and in two subjects (Nos 3 and 4) the pattern of ventilation was reversed, with apical ventilation predominating in both lungs for subject 4 and in the left lung for subject 3.
Results
After histamine challenge Regional alveolar ventilation per unit lung volume, (VA/VA) decreased in each lung after histamine challenge (table 2) , which is consistent with an increase in airflow obstruction. The two lungs were not always affected to the same degree. In four subjects complete xenon equilibration had not occurred when the study was terminated after five minutes. In six subjects the distribution of regional ventilation changed after histamine from predominantly basal to predominantly apical (fig 2) . In subjects 3 and 4, who had a severe pre-existing abnormality of regional ventilation, the distribution of ventilation did not change (right lung only in the case of subject 3). In subject 3 the distribution of ventilation in the left lung changed from predominantly apical to predominantly basal. Induced bronchoconstriction was therefore greatest in those areas which were previously ventilated best and this presumably reflects the site of histamine deposition. The relative increase in regional lung volume after histamine was also greatest in the areas previously ventilated best.
AEROSOL DEPOSITION
Before histamine challenge Several patterns of aerosol deposition were seen. Three subjects had normal scintiscan appearances for the size of aerosol with no central to peripheral gradient of deposition. Three subjects with airflow obstruction had increased central deposition, while the other two subjects showed increased peripheral deposition. These two subjects had previously shown the greatest derangements in regional ventilation. Two patterns of abnormal peripheral deposition were seen. In one instance increased deposition was patchy, with several "hot spots" (fig 3) ; in the other a large area of diffusely increased deposition was seen peripherally.
After histamine challenge All subjects showed a significant shift in the pattern of aerosol deposition after bronchial provocation, with increased central deposition and less peripheral penetration (fig 4) . In some subjects central deposition was so pronounced that individual main bronchi could be visualised. Visual inspection suggested that the degree of central deposition after histamine challenge was proportional to the percentage decrement in FEV,, Clague, Ahmad, Chamberlain, Morgan, Vinitski OUT probably reflects the predominant site of histamine deposition. Previous work has shown a close rela-(ion indices for both lungs tionship between aerosol deposition and regional d aerosol before and after ventilation,' and provides an explanation of why the rbjects. The mean indices effects of histamine were greatest, at least initially, for comparison. The in the better ventilated regions. Support for this mine indices. was ventilated best before challenge, but whose base became so after challenge.
Comroe and coworkers suggested that the arterial oxygen tension decreases after inhalation of bronchodilators because aerosol is carried almost entirely to the better ventilated regions of the lung, where it exerts its major effect.'3 Watanabe and colleagues, examining the change in regional ventilation in patients with airways obstruction before and after an inhalation of a bronchodilator,'4 showed that the response was highly variable; but in at least five patients regional ventilation showed the greatest improvement in the previously best ventilated zones. Dashe and colleagues, however, were unable to show regional changes in ventilation and perfusion when bronchodilators were administered by intermittent positive pressure breathing (IPPB). '5 There are several possible explanations of why their results differed from our own and those of Watanabe and colleagues.'4 Firstly, the technetium tracer and nebulised isoprenaline they used do not necessarily have the same intrapulmonary distribution. Secondly, particle transport is influenced not only by convective phenomena-that is, regional ventilation-but also by the propensity for particles to deposit in the proximal conducting airways as a result of impaction. This mechanism is important for particles around 3 ,um, which is the usual size of particles generated by an IPPB ultrasonic nebuliser. The high flow rates and vortices generated by IPPB will increase proximal deposition from both inertial and turbulent impaction.
Because of the small size of the particles the histamine aerosol would be expected to be deposited preferentially in the lung periphery, although local disorders of airway geometry and increased turbulence may lead to increased deposition in conducting airways.'6 Induced bronchoconstriction would also be expected to increase dead space deposition. Both vagal reflexes and a direct action on smooth muscle have been suggested as mechanisms by which histamine induces bronchoconstriction.'7 Ruffin et al concluded that an inhaled histamine aerosol of 3 ,um exerts its main action on central airways,'8 though they neglected to take into account the effect of an inhalation to total lung capacity on small airways obstruction, or the increased cross-sectional area of peripheral airways. Brown and associates found a predominantly large airway response to inhaled histamine in smokers and a predominantly small airway response in non-smokers, and attributed the differences to differing deposition sites. '9 The acute response that follows inhalation challenge with histamine starts at around 30 seconds and peaks at about three minutes. '7 20 The recovery phase may last from 60 to 20 minutes,'7 but since our method depends on an analysis of the initial portion of the washin curve any errors due to the wearing off of histamine should have been minor. Furthermore, the small airways show a more pro- 674 longed response than the large airways, so small airway obstruction is likely to persist when the FEV, has started to improve. 21 As in the present study, Heckscher et al found that function deteriorated first and most often at the lung base and then later at the apex, with a tendency for the mid zones to be spared. '2 The most likely explanation for this regional sequence is that inhaled bronchoconstrictor is preferentially deposited at the bases, where regional ventilation is greatest. This would lead to basal bronchoconstriction and antigen deposition elsewhere throughout the bronchial tree and hence to widespread airways constriction. Unfortunately our radioaerosol studies were insufficiently sensitive to show any regional sequence in the vertical distribution of the radioaerosol after challenge.
The exact mechanism for the different aerosol deposition pattern in disease is not known but several theories have been proposed. In subjects with chronic airways obstruction lobar, segmental, and subsegmental bronchi may undergo dynamic compression significantly earlier in expiration than they do in normal subjects.22 Abnormal collapse of large airways would predispose to aerosol deposition during expiration, and could explain the localised "hot spots" seen in this and previous studies.2325 In asthma dynamic compression is unlikely to be the whole explanation since the increased tone in central airways makes them less compressible,26 and increases airflow resistance and the Reynolds number for a given flow. In these circumstances equal pressure points situated in central airways would move upstream to more peripheral airways, which are more compressible and therefore more likely to collapse. Consequently, for an equivalent degree of airways obstruction aerosol deposition in asthmatics should occur more peripherally than it does in subjects with emphysema.
Diffuse peripheral increased in deposition cannot be explained by dynamic compression of the small airways or turbulence. Moreover, small airway obstruction is fixed and uninfluenced by lung volumes. 27 The formation of vortices in the obstructed peripheral airways will encourage mechanical mixing of inhaled and lung air, and increase the transfer of particles to resident air. This would predispose to aerosol deposition sedimentation and Brownian motion, and may explain the diffusely increased deposition noted in one subject. The lack of xenon retention in the affected areas argues against impaired regional ventilation (trapping) as the explanation for increased deposition.
Histamine leads to progressive airway narrowing and even greater aerodynamic filtration of aerosol. Aerosol penetrance is thus reduced in proportion to Clague, Ahmad, Chamberlain, Morgan, Vinitski the increase in airflow limitation. The reduction in peripheral deposition after histamine challenge does not necesarily indicate less peripheral airways obstruction, and indeed-our results suggest that both large and small airways are affected. Ramanna et al,228 Dore et al, 24 and Dolovich et a!29 have all suggested that aerosol penetrance might be a more sensitive indicator of airways obstruction than spirometry. In our study aerosol imaging appeared to be as sensitive as the FEV, measurements in determining the functional response and site of induced airways constriction. The deposition of bronchoactive substances in the better ventilated areas of the lung has certain implications. The delivery of bronchoconstrictors to better ventilated regions could produce more ventilation perfusion mismatching than a nmore uniform distribution. Similarly, the penetration of therapeutic aerosols will be impeded by airways narrowing in the regions where they are most needed.
